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OPTIMIZED X-RAY ENERGY FOR HIGH 
RESOLUTION IMAGING OF INTEGRATED 

CIRCUITS STRUCTURES 

RELATED APPLICATIONS 

This application claims priority to US. Provisional Appli 
cation No. 60/5 1 8,369, ?led Nov. 7, 2003, Which is incorpo 
rated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

X-ray imaging is a valuable technology for non-destructive 
imaging applications in medicine and industrial research and 
development. 

All x-ray imaging systems include a source that generates 
the x-ray beam, Which is used to probe the object to be 
examined, and a detector system for collecting the x-ray 
beam. The x-ray source is typically an electron-bombard 
ment, a laser-plasma, or a synchrotron radiation source. The 
detector system is typically based on x-ray ?lm or an elec 
tronic, such as charge-coupled device (CCD), detector. In 
some cases, an intervening scintillator is used to convert the 
x-ray radiation to a Wavelength that is detectable by the detec 
tor device. 

Further, the x-ray beam is often modi?ed by one or more 
beam-conditioning devices. Sometimes an energy ?lter, 
monochromator, or pinholes are place betWeen the object or 
sample and the source. To focus the beam onto the sample a 
condenser lens, in the case of a full-?eld imaging microscope, 
or an objective lens, in the case of a scanning system, are 
typically used. The beam passing through the sample is then 
imaged to the detector by an objective lens, in the case of a 
full-?eld imaging microscope, or reaches the detector 
directly in the case of a scanning system. 

SUMMARY OF THE INVENTION 

Most existing x-ray imaging systems, eg medical x-ray, 
airport x-ray scans, use the full spectrum of the x-ray emis 
sion, including the characteristic lines of the anode material 
and the Brehmstralung emissions. The resulting image is 
therefore an integrated intensity over the entire spectrum. 

A problem With this approach is that by using the entire 
spectrum, one looses an important attribute of x-ray imaging: 
the spectral sensitivity of various materials to x rays of dif 
ferent energies. 
As a result, the present invention is directed to the notion of 

using one or more emission lines of electron bombardment 
x-ray sources to selectively image certain materials With high 
sensitivity. Speci?c examples are provided that illustrate the 
imaging of semiconductor integrated circuit devices. 

The present invention is directed to using particular emis 
sion lines that are optimiZed for imaging speci?c metallic 
structures in a semiconductor integrated circuit structures and 
optimiZed for the use With speci?c optical elements and scin 
tillator materials. Such a system is distinguished from cur 
rently-existing x-ray imaging systems that primarily use the 
integral of all emission lines and the broad Bremstralung 
radiation. The disclosed system provides favorable imaging 
characteristics such as the ability to enhance the contrast of 
certain materials in a sample, to use different contrast mecha 
nisms in a single imaging system, and to increase the through 
put of the system. 
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2 
BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying draWings, reference characters refer 
to the same parts throughout the different vieWs. The draW 
ings are not necessarily to scale; emphasis has instead been 
placed upon illustrating the principles of the invention. Of the 
draWings: 

FIG. 1: The l/ e attenuation length of Al, Si, and Cu plotted 
as a function of x-ray energy. Also shoWn are the emission 
lines of W and Cr. 

FIG. 2: Illustration of the Zernike phase contrast scheme. A 
ring condenser projects radiation to the object. A phase ring is 
placed in the back focal plane. Its shape is the image of the 
condenser formed by the objective lens. In this scheme, the 
direct radiation imaged by the objective is phase shifted by 
the phase ring While the radiation scattered by the object is, in 
most part, unaffected by the phase ring. These tWo beams 
interfere at the image plane to produce a phase-contrast 
image. 

FIGS. 3a and 3b: Illustrations of Fresnel Zone plates, in 
Which FIG. 3a is a Zone plate having concentric opaque or 
phase shifting rings arranged such that the radiation passing 
through it Will arrive is the focal point in phase; and FIG. 3b 
is an image of a Fresnel Zone plate. 

FIGS. 4a and 4b: Plots shoWing ef?ciency of a Zone plate 
as a function of x-ray energy in Which FIG. 4a is a plot for a 
Zone plate made from 500 nanometer thick palladium; and 
FIG. 4b is a plot for a Zone plate made from 1 micrometer 
thick of gold. 

FIG. 5. Plot shoWing attenuation length of CsI and LSO as 
a function of x-ray energy. Also shoWn are emission lines of 
common x-ray source target materials: W, Cr, Pt, and Au. 

FIG. 6: Plot of Emission spectrum of Tungsten (W) and the 
absorption spectrum of copper, illustrating the use of multiple 
Tungsten emission lines to image copper features. 

FIG. 7: Schematic diagram illustrating a micro-imaging 
system utiliZing multiple emission lines of an x-ray source. 
The system shoWn uses a series of full-?eld imaging systems, 
one optimiZed for each energy. The sample is transferred 
betWeen each imaging system to be imaged at different ener 
gies. 

FIG. 8: Schematic diagram illustrating another embodi 
ment in Which an energy ?lter is used to select the energy, the 
sample remains ?xed, and imaging system components for 
different energies, including condenser and objective lenses, 
are transferred into the beam line When the corresponding 
energy is selected. 

FIG. 9. Schematic diagram illustrating another embodi 
ment 

FIG. 10: Schematic diagram illustrating another embodi 
ment in Which a number of independent imaging systems are 
used, one optimiZed for each energy, and in Which one or 
more of the imaging systems are in a phase-contrast imaging 
con?guration. 

FIG. 11: Schematic diagram illustrating another embodi 
ment in Which a number of independent imaging systems are 
used, one optimiZed for each energy, With one or more of the 
imaging systems functioning in a projection geometry. The 
imaging system may contain a mixture of different con?gu 
rations including, but not limited to, full-?eld imaging sys 
tems, scanning systems, and projection systems. 

FIG. 12: Schematic diagram illustrating another embodi 
ment in Which an energy ?lter is used to select the energy With 
a direct-proj ection imaging system or more than one imaging 
systems that may include and not limited to full-?eld imaging 
system, scanning system, and projection systems. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A number of x-ray imaging systems are disclosed that 
utilize one or more atomic emission lines to image speci?c 
materials in a sample, taking advantage of the spectral 
absorption properties of the sample to produce high image 
contrast With appropriate imaging mechanisms. It also takes 
into account the response of optics and detectors at different 
x-ray energies. It deals, in particular, With materials used in 
current generation and next generation semiconductor inte 
grated circuit devices. 
As an example, refer to FIG. 1, Which shoWs the absorption 

spectrum of materials used most frequently in semiconductor 
devices: Copper, Aluminum, and Silicon. Typically copper or 
aluminum circuits are fabricated in a silicon substrate. To 
image the circuit structure, strong contrast is desirable 
betWeen the circuit structure and the silicon substrate. 

The interaction of x-rays With most materials is complex 
and strongly dependent on the x-ray energy. A good example 
is illustrated in FIG. 1, Where the 1/e attenuation length of 
silicon, aluminum, and copper is plotted as a function of x-ray 
energy, and shoWn along With the emission lines of tungsten 
and chromium. The absorption properties of these materials 
vary dramatically as a function of the x-ray energy. Therefore 
different material properties of the sample can be probed by 
varying the x-ray energy used to image a sample. 

For example, if the 1.8 keV x rays from tungsten M line is 
used to image an integrated circuit chip containing aluminum 
lines, the silicon substrate has relatively small attenuation 
While the aluminum lines Will absorb strongly. Speci?cally, 
the aluminum line has an attenuation length of about 1 
micrometer While silicon has an attenuation length of about 
10 micrometers. 
The plot shoWs that absorption contrast betWeen silicon 

and aluminum is strong only betWeen their absorption edges: 
aluminum K-edge at 1560 electron-Volts (eV) and silicon 
K-edge at 1850 eV. There is little contrast betWeen these 
materials at other energies above 1 keV. Therefore an imaging 
system that uses the entire emission spectrum of a target 
(emission lines plus the Brehmstralung radiation) Will exhibit 
very loW contrast betWeen the aluminum structures and the 
silicon substrate. An imaging system using only the tungsten 
M line (1800 eV), hoWever, Will be able to take advantage of 
the intrinsic absorption difference between A1 and Si to image 
Al structures With good contrast. 

The same considerations can be applied to imaging copper 
features as Well. The absorption contrast betWeen the copper 
lines and the silicon substrate is moderate at most energies but 
very strong betWeen Cu L-edge at 1 keV and the silicon 
K-edge at 1.85 keV, and just above the Cu K-edge at 8.9 keV. 
To image Cu lines With high contrast, one should use x-ray 
energies Within these tWo intervals. TWo tungsten emission 
lines: LI5 at 9.7 keV and M line at 1.8 keV are Well suited for 
this purpose. 

For one layer of a typical aluminum chip With 1 micrometer 
thickness, the aluminum transmits about exp(—1):34% of the 
radiation While the silicon substrate transmits about exp(— 
0.1):90%. This difference in the absorption properties alloWs 
for the imaging of the integrated circuits With strong elemen 
tal contrast and therefore clearly imaging the aluminum struc 
tures. 

In addition to imaging aluminum lines, the 1.8 keV emis 
sion from tungsten is also Well suited for imaging copper lines 
in a integrated circuit chip since a similar absorption contrast 
exists betWeen copper With 1/e attenuation length of 0.7 
micrometers and silicon. 
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4 
In another example, a tungsten source is used to image 

copper or aluminum features in an integrated circuit chip. In 
this case, the 1.8 keV M-line is just beloW the silicon K 
absorption edge, but above the absorption edges of copper 
(Cu) (L line at 1 keV) and aluminum (Al) (K line at 1.5 keV). 
Therefore a su?icient absorption contrast is available 
betWeen the Cu or Al structures and a silicon substrate, 
thereby alloWing the imaging of Cu orAl lines in an integrated 
circuit chip. In other examples, Cu orAl structures are imaged 
on dielectric substrates. Some examples of dielectrics 
include: 1“ Generation With 2.8§k§3.5: ?uorinated-oxide 
?lm, also referred to as ?uorinated silica glass (FSG) used for 
0.25-0.5 um technology; 2'” Generation With 2.5§k§2.8: 
poly(alylene) ethers (PAE); and ultraloW k dielectrics With 
k<2.0: nanoporous silica (SiO2) xerogel materials. 

Currently existing x-ray imaging systems typically use the 
full spectrum of the x-ray emission, including all the charac 
teristic lines of the anode material and the Brehmstralung 
emission. These systems are therefore not able to take advan 
tage of the energy-dependent x-ray imaging possibilities. It 
Would be very dif?cult to image aluminum structures With 
these systems since the material contrast is only strongly 
exhibited near the absorption edge While the x-ray emission 
far from the edge does not produce strong image contrast 
betWeen the aluminum features and the silicon substrate, 
therefore diluting the image contrast. 

In practice the attenuation length of the silicon (10 
micrometers) requires the IC sample to be thinned to about 
similar thickness to obtain su?icient transmission. If the tung 
sten Lb emission (9.7 keV) line is used instead, the silicon 
attenuation length becomes 120 micrometers. Consequently, 
a sample thickness of over 100 micrometers can be tolerated. 
At this energy the attenuation length of copperbecomes about 
5 micrometers, and a strong absorption contrast still exists 
betWeen the copper lines and silicon substrate. In compari 
son, the 1.8 keV emission is better suited for imaging ?ne 
feature since the 0.5 micrometers provides very high sensi 
tivity, While the 9.7 keV x ray is better suited for imaging 
complex circuit structures in intact integrated circuit (IC) dies 
because the larger 5 micrometers attenuation length alloWs 
the penetration of a thick stack of copper line structures While 
maintaining high contrast against the silicon substrate. 

The long attenuation length in silicon also eliminates the 
need to thin the IC sample and thus simpli?es the sample 
preparation process. For chips With very complex copper 
structures, the integrated copper thickness may exceed 10 
micrometers. This thickness may be too opaque for the 9.7 
keV x-ray. In this case the tungsten La line (8.4 keV) may be 
used. Since it is just beloW the copper absorption edge, it has 
relatively large attenuation length of about 15 micrometers. 
At this energy, hoWever, the absorption contrast betWeen 
copper and silicon substrate is reduced. 

A suitable phase contrast imaging method, such as a 
Zernike con?guration (FIG. 2) or differential phase contrast 
methods can be used to boost the contrast of the copper 
features, especially the features With small lateral and thick 
ness dimensions. 

Speci?cally, in FIG. 2, a condenser 210 is used to concen 
trate X-ray radiation on a sample or object 10. An objective 
lens 214 is used to collect the radiation after interaction With 
the sample 10. A phase ring 216 is used to create a relative 
phase shift betWeen the diffracted and undiffracted radiation 
to create the phase contrast image 218. 

Depending on the implementation, the condenser lens 210 
may include refractive optics, re?ective optics, diffractive 
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optics. The objective lens 214 includes Fresnel Zone plates, 
re?ective mirrors lens, refractive lens, or achromatic Fresnel 
optics. 

Both tungsten L and M are Well suited to image IC chips 
With copper structures, but With different properties. An 
imaging system using a tungsten x-ray source that is able to 
utiliZe all L and M lines is able to satisfy a Wide range of 
applications for imaging IC circuits. These may include fail 
ure analysis, process development and reverse engineering. 

Another consideration in imaging is that the materials must 
be suf?ciently transmissive to alloW suf?cient light or radia 
tion to penetrate the sample to be detected. In the previous 
example With Cu lines, the attenuation length for Cu is 0.5 
micrometers at 1.8 keV and 6 micrometers at 9.7 keV. These 
dimensions are good for detecting small features, but a mod 
ern integrated circuit chip may contain up to 7 or 8 layers of 
copper structures With integrated thickness exceeding 10 
micrometers. Such structures may not permit suf?cient trans 
mission for detection at these tWo energies, but the W Lu line 
at 8.4 keV is just beloW the Cu K-edge and has an attenuation 
length of about 30 micrometers. This alloWs the imaging of 
Cu structures of large integrated thickness, but With reduced 
imaging contrast. The contrast can be improved by using 
phase contrast techniques. The phase contrast depends on the 
relative mass density of materials in the sample. It is therefore 
relatively uniform through the energy spectrum, except for 
some abrupt changes near absorption edges. The Zemike 
phase contrast imaging method shoWn in FIG. 2 is commonly 
used in light microscopy and can be applied in x-ray imaging. 
Here, a ring condenser, instead of a full condenser used in 
bright-?eld imaging, projects radiation to the object. A phase 
ring is placed in the back focal plane. The shape of this phase 
ring is the image of the condenser formed by the objective 
lens. In this scheme, the direct radiation imaged by the obj ec 
tive is phase shifted by the phase ring While the radiation 
scattered by the object is unaffected by the phase ring (except 
for a small portion that passes the phase ring). These tWo 
beams interfere at the image plane to produce a phase-con 
trast image. 

With this method, ten-fold increase in contrast can be 
gained for Cu features at 8.4 keV compared With absorption 
contrast. One disadvantage of phase contrast imaging, hoW 
ever, is that the resulting imaging is not a linear map of some 
material properties of the sample, While using absorption 
contrast imaging, the resulting image is the integrated absorp 
tion map of the attenuation through the sample. Having a 
linear map makes the image easy to interpret and alloWs the 
use of a simple tomography algorithm to reconstruct the 3 D 
structure of the sample. The three dimensional tomography 
algorithm using phase contrast images is di?icult. 

Phase contrast mechanism can be applied to image alumi 
num features in silicon substrates as Well, as little absorption 
contrast exists betWeen aluminum and silicon, except for a 
very narroW spectral band. Aluminum structures can be 
imaged With contrast gain of up to 20, at most energies, With 
Zemike phase contrast scheme. 

The spectral response of the optical components in an 
imaging system must also be considered. The optical train 
must be designed in an integrated approach. 

Note that, in comparison, no appreciable absorption con 
trast exists between A1 and Si at energies above the silicon 
K-absorption edge. 

In addition to optimiZing the x-ray energy for the best 
intrinsic contrast from the sample, one must also consider the 
effect on the optical train of the imaging system, most impor 
tantly the objective lens and the detector system. 
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6 
The highest resolution objective lens used in current x-ray 

imaging system are Fresnel Zone plates. As shoWn in FIGS. 
3a and 3b, the lenses are essentially circular diffraction grat 
ings having concentric opaque or phase shifting rings 
arranged such that the radiation passing through them Will 
arrive at the focal point in phase. 

Lens With opaque rings are called amplitude Zone plates 
and the lenses With phase shifting rings are called phase Zone 
plates. The resolution of a Zone plate is approximately the 
outer Zone Width. 

It is clear from the geometric pictures in FIGS. 3a and 3b 
that the Zone Width becomes ?ner as the radius is increased. 
The challenge to producing high-resolution Zone plate lenses 
is therefore the ability to make Zone plates With ?nest outer 
Zones. 

The other aspect of an objective lens is its ef?ciency. To 
obtain the highest e?iciency, the opaque rings of an amplitude 
Zone plate should completely absorb the radiation, While the 
rings in an ideal phase Zone plate should shift the phase by n. 

With x rays, as the energy increases, both the attenuation 
length and the at phase shift length generally increases. There 
fore, the Zone plate must be made With increasing thickness. 
This increases the thickness to Zone Width ratio, or the aspect 
ratio of a Zone plate. Therefore, it is generally more challeng 
ing to fabricate Zone plates for high energy x rays for the same 
outer Zone Width because of the higher aspect ratio that is 
required. 

Current fabrication techniques can provide objective 
lenses With about 25 -30 nanometer resolution at Tungsten Ma 
line (1 .8 keV) and about 70 nanometer resolution at Tungsten 
LI3 line (9.7 keV).An imaging system using the 1.8 keV x rays 
therefore provides better resolution in addition to the ten fold 
sensitivity for small features discussed above. Therefore hav 
ing an imaging system that can utiliZe both emissions is more 
versatile than one using a single emission line, since a large 
sample can be imaged With the 9.7 keV emission While the 1.8 
keV line can be used to image speci?c areas at high resolu 
tion. 

Material selection clearly plays an important role in obtain 
ing high resolution and high e?iciency Zone plates. For x rays 
With a feW keV energy, a phase shifting Zone plate is pre 
ferred, and ideal materials for the Zone plate should provide 
loW absorption and large phase shifts and also should have 
desirable electrochemical properties, eg it should be easily 
electroplated into nano-structures that are free from grains. 

Currently, the preferred materials for Zone plates for l-3 
keV x rays include rhodium (Rh), palladium (Pd), and silver 
(Ag), While the preferred material for 3-20 keV is gold (Au). 
As an example, FIGS. 4a and 4b shoW the e?iciency as a 
function of energy for Zone plates made from 500 nanometer 
thick Pd and l micrometer thick Au, respectively. In each 
case, ef?ciency of up to 25% to 30% can be achieved. 
The other important component of the optical train is the 

detector system. High-resolution full-?eld imaging systems 
typically employ scintillated charge-coupled device (CCD) 
camera systems. These types of detectors typically have a 
scintilator, some type of optical coupling, and a CCD camera. 
The highest resolution variants of this type of detectors use 

a grainless single crystal scintillator and high resolution vis 
ible-light microscope objective lens to image the light emitted 
from the scintillator to the CCD camera. The achievable reso 
lution of the objective lens is related to the numerical aperture 
(NA) as: resolution:0.6l7»/NA, Where 7» is the Wavelength. 
The depth of ?eld (DOF) from this objective can then be 
calculated as DOF:1.22}\./NA2. To achieve high resolution, a 
microscope objective lens With a large numerical aperture is 
required. For example, in order to achieve better than 1 
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micrometer resolution With a scintillator With 600 nanometer 
emission Wavelength, an objective With a NA of about 0.4 is 
needed. The depth of ?eld from this obj ective lens is roughly 
4.5 micrometers. It is therefore desirable that the most of the 
x rays impinging on the scintillator are absorbed Within this 
depth because light generated outside this depth range Will 
not be collected effectively by the objective lens, but rather 
Will contribute the background. The scintillator material must 
therefore be matched to the x-ray energy used. We list tWo 
speci?c examples. TWo types of scintillators knoWn With high 
ef?ciency are Cesium Iodine With Thallium doping and 
Lu2(l_x)Ce2x(SiO4)O or LSO. Their attenuation length is 
shoWn in FIG. 5. A very short attenuation length can be 
achieve by the folloWing source and scintillator combina 
tions: 

1.8 keV W M-line CsI or LSO 
5.4 keV Cr K-line CsI or LSO 
8.4 keV W Lcx line CsI or LSO 
9.7 keV W LB line LSO 

9.4 keV and 11.1 keV Pt L lines LSO 
9.7 keV and 11.4 keV Au L lines LSO 

At the 8.4 keV W Lu line, neither of the scintillators pro 
vides su?icient attenuation, but from above 9.5 keV, LSO 
provides very effective attenuation for the 9.7 keV W Lu line, 
as Well as L lines from Pt orAu sources. CsI has about 25% to 
50% higher ef?ciency per unit absorbed energy, so in cases 
Where CsI and LSO have similar attenuation length, CsI is 
generally preferred because of the higher level of light output. 
On the other hand, CsI has a number undesirable material 
properties: it is highly hydroscopic and very soft. Conse 
quently, its fabrication and maintenance is dif?cult. In con 
trast, LSO is a very robust material that can be easily fabri 
cated and polished, With good long term stability. 

In addition to the systems described above that use a single 
atomic emission line for imaging speci?c materials, an x-ray 
imaging system can also utiliZe tWo or more emission lines to 
increase its versatility. For an example, a microscope for an 
imaging system could use all three emission lines of tungsten 
shoWn in FIG. 6 to image copper structures in a silicon sub 
strate. Such a system uses the 8.4 keV line to image large scale 
structures, the 9.7 keV structure to obtain a linear absorption 
map of the sample or obtain its three dimensional structure, 
and the 1.8 keV line to study the ?ne features With extremely 
high sensitivity. 
An embodiment of such a system is shoWn in FIG. 7. An 

x-ray source 310 generates polychromatic radiation 312 With 
characteristic emission lines and the Brehmstralung radia 
tion. 

In more detail, an x-ray beam 312 from a small spot siZe 
x-ray source 310 illuminates a sample 10. An electron bom 
bardment laboratory X-ray source 30 is preferably used. 
These systems comprise an electron gun that generates an 
electron beam that is directed at a target. Typically, the target 
is selected from chromium, tungsten, platinum, silver molyb 
denum, rhodium and/or gold. 

Multiple imaging systems 314, possibly one for each 
energy, are used. Preferably each of the imaging systems 314 
comprises a condenser lens 316a, 3161) and an objective lens 
318a, 318b, With associated positioning systems 320, 322. 

Speci?cally, condenser positioning system 320 is used to 
position the condenser of either the ?rst imaging system 31611 
or the condenser of the second imaging system 3161) into the 
optical train. Likewise, objective positioning system 322 is 
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8 
used to position the objective of the ?rst imaging system 31811 
or the objective of the second imaging system 3181) into the 
optical train. 
Near the detector plane 324, an energy-selection device 

326, such as for example a multilayer or crystal monochro 
mator, re?ects the radiation With desired energy to the detec 
tor 328. Depending on the energy selection, the imaging paths 
can share a single detector Which Will rotate With the mono 
chromator using a pivot actuator 330 or a series of detectors 
328, 328' each detector being optimiZed for a different energy. 

Presently, the positioning of the energy selection device 
326 in the back focal plane, i.e., betWeen objective 318 and 
the detector 328 is preferred. Generally, the energy selection 
device is required because Zone plates lenses need the mono 
chromator or energy selector 326 to avoid chromatic aberra 
tion. 
The placement near the detector is helpful because these 

monochromators 326 tend to have small angles of accep 
tance. HoWever, because of the microscopes geometry, that is 
the distance betWeen the sample 10 and objective 318 is small 
compared With the distance betWeen the objective 318 and 
detector 328, the angular divergence of the beam is loWer 
betWeen the objective 318 and the detector 328. 
An alternative embodiment is shoWn in FIG. 8, in Which a 

monochromator 326 is placed just doWnstream of the x-ray 
source 310 and re?ects the radiation With different energies 
into a number of prepositioned imaging systems 314, one 
designed for each energy. In this case the sample 10 Will be 
translated by a sample translator 340 to positions 10' betWeen 
systems to be imaged at different energies. 

Speci?cally, a ?rst condenser 316a and ?rst objective 31811 
are used to form an image on a ?rst detector 328a; a second 
condenser 31619 and second objective 31819 are used to form 
an image on a second detector 328b, and a third condenser 
3160 and third objective 3180 are used to form an image on a 
third detector 3280. 
The disadvantage of this design, in comparison With one 

illustrated in FIG. 7, is that the bandWidth of the monochro 
mator must be large enough to cover the angular acceptance 
of the condenser lenses 31611, b, 0. Therefore it is suited for 
cases Where the numerical aperture of the imaging system is 
relatively loW. 

In special cases Where one or more characteristic emission 
lines can be selected by an in-line ?lter, a design shoWn in 
FIG. 9 provides a simple implementation. In this embodi 
ment, the in-line ?lters 350 are inserted into the beam 312 to 
select beam energy While the corresponding imaging systems 
314, each comprising condensers 31611, b and objective lenses 
31811, b are selectively inserted into the beam path 312 to 
perform the imaging. 

In some implementations, metal ?lm energy ?lters are used 
to select the 1 .8 keV energy. Further, selectivity is achieved by 
further pairing the ?lter 350 With thin scintillators to select the 
1.8 keV energy. 
Where three emission lines of tungsten are used to image 

copper features in silicon substrate, the imaging system for 
one or more energies may employ different contrast mecha 
nisms. A design for such a system is shoWn in FIG. 10. This 
system is similar to that shoWn in FIG. 8, except that imaging 
system for energy #3 uses a Zernike phase contrast scheme, 
including a phase plate 360, While others “b” and “c” use the 
bright-?eld mode. 

In other examples, Wherein the different contrast mecha 
nisms include absorption contrast, phase contrast, and/or 
Nomarski interference contrast. 

Beside imaging systems that employ lenses to magnify the 
image, the energy optimiZation and imaging schemes dis 
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cussed above also apply to simpler imaging systems such as 
direct projection con?gurations as shown in FIG. 11, Where a 
monochromator 326 is placed just downstream of the X-ray 
source 310 and directs the radiation 312 of different energies 
to corresponding imaging systems. 

The radiation 312 is generally collimated since condenser 
and possibly no objective are used. In each imaging system, 
detector 328a, 328b, 3280 are place directly behind the 
samples 10, 10', 10" to record the spatial radiation pattern 
transmitted through it. 
A variation of this system is shoWn in FIG. 12, Where the 

monochromator is replaced by a in-line energy ?lter 350 in 
the projection system. 

While this invention has been particularly shoWn and 
described With references to preferred embodiments thereof, 
it Will be understood by those skilled in the art that various 
changes in form and details may be made therein Without 
departing from the scope of the invention encompassed by the 
appended claims. 

What is claimed is: 
1. An imaging method for an X-ray imaging system, com 

prising: 
generating X-rays of a 8.4 keV Lot-line from a tungsten 

x-ray source; 
directing the X-rays at integrated circuits With copper struc 

tures on a silicon substrate; and 
forming an image of the copper structures on a detector 

using the x-rays. 
2. An X-ray imaging method as claimed in claim 1, further 

comprising: 
using a monochromator that selects the 8.4 keV energy; 

and 
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using a detector for detecting the 8.4 keV energy from the 

monochromator and a sample comprising the integrated 
circuits; and 

placing a Zone plate objective, betWeen the sample and the 
detector, for focusing the 8.4 keV energy to form an 
image of the copper structures in the sample on the 
detector. 

3. An X-ray imaging method as claimed in claim 2, Wherein 
the monochromator is a crystal monochromator to select the 
8.4 keV energy. 

4. An X-ray imaging method as claimed in claim 2, Wherein 
the monochromator is a multilayer monochromator to select 
the 8.4 keV energy. 

5. An X-ray imaging method as claimed in claim 2, Wherein 
the monochromator is a metal ?lm energy ?lter to select the 
8.4 keV energy. 

6. An X-ray imaging method as claimed in claim 5, further 
comprising a thin scintillator further providing selectivity for 
the 8.4 keV energy. 

7. An X-ray imaging method as claimed in claim 1, further 
comprising imaging structures in phase contrast. 

8. An X-ray imaging method as claimed in claim 1, further 
comprising imaging structures in absorption contrast. 

9. An imaging method for an X-ray imaging system, com 
prising: 

generating X-rays of a 8.4 keV La-line from a tungsten 
x-ray source; 

directing the X-rays at integrated circuits With copper struc 
tures and a dielectric substrate; and 

forming an image of the copper structures on a detector 
using the X-rays in phase or absorption contrast. 

* * * * * 


